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Abstract 
This paper will review two separate areas of 
cavity growth under ion implantation, firstly bias-
driven void growth occurring in metals over the range 
0.3 to 0.5 of the melting point at high displacement 
doses, and secondly, bubble growth during inert gas 
implantation. Interesting phenomena take place in both 
areas, e.g. void swelling and void lattice formation in 
the first and blistering, bubble lattices and the 
precipitation of heavier inert gases in the solid phase in 
the second. These phenomena will be described 
together with the extension of mechanisms to other 
implant species such as carbon where the possibility of 
precipitation in the diamond phase might be of interest. 
Key Words: Metals, radiation damage, displacement 
damage, void formation, ion implantation, bubbles, 




The aim of this paper is to give a brief overview 
of the more interesting phenomena occurring in the title 
area. However, one has to distinguish two distinct 
areas of cavity growth in metals, firstly that of void 
growth where the cavity within the metal is essentially 
empty, and secondly that of bubble growth where the 
cavity is essentially full of inert gas. (The meaning of 
'full' in this context will become apparent later). As 
will be explained, the growth processes of cavities in 
the two cases are different, with displacement damage 
being the dominant feature for void growth, and the 
inert gas itself the driving force for bubble growth. 
For both phenomena, ion beam studies have been 
very useful. Transmission electron microscopy (TEM) 
has been the dominant method of study for small 
cavities in metals but in studies of inert gas behaviour 
there have been valuable contributions from scanning 
electron microscopy (SEM). This paper makes orily 
marginal references to the many other techniques in 
this wide field: the main emphasis is on the general 
qualitative understanding of the underlying mechanisms 
controlling the observed phenomena. 
Void Growth 
In 1966, the examination of the stainless steel 
cladding material around fuel pins taken from the 
Dounreay Fast Reactor in Scotland showed that 
considerable swelling of the material had occurred 
after prolonged neutron irradiation. Further studies on 
this material using TEM were ·carried out by 
Cawthorne and Fulton (1966) who demonstrated that it 
contained a concentration of small cavities with 
diameters in the tens of nanometers range. While the 
formation of cavities due to inert gas precipitation was 
already known (see later in this paper), it was realised 
that although some helium would be present from (n,o:) 
reactions, there was far from sufficient gas to explain 
the measured cavity swelling. As a result, these 
cavities were described as voids and the term void 
swelling introduced. An example of void formation is 
shown in Fig. I, illustrating the substructure of 
vanadium after neutron irradiation. 
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Figure 1. Transmission electron micrograph of voids 
formed in vanadium neutron irradiated at 600°C to a 
dose of - 35 displacements per atom. 
The Cawthorne-Fulton observations were the start 
of a major field of investigation with many hundreds of 
subsequent publications, both experimental and 
theoretical. There was a very strong technical case for 
work on void swelling since the discovery was made at 
a time when plans and designs for commercial fast 
reactors were proceeding with considerable impetus. 
The formation and growth of voids, and the 
commensurate void swelling, in metal components such 
as cladding, wrappers and the fuel assemblies gave a 
number of potential problems which had to be 
addressed and understood. As a result, the area was 
discussed in considerable depth at international 
conferences in the early '70s (Corbett and Ianniello, 
1972; Pugh et al., 1971). Although studies were 
continued under the umbrella of the fast reactor, later 
work, even up to the present, has examined the topic 
from the point of view of fusion technology, 
particularly that of the first wall; a number of fusion 
technology conferences (Nygren et al., 1981; Ishino et 
al., 1991) contain relevant papers. The field is so 
large that even a partial review would be well beyond 
the scope of the present paper, but an attempt to cover 
the essential elements will be made. 
Displacement Damage 
It was recognised at an early stage that the 
displacement damage produced by the high dose 
neutron irradiation was the first key element in void 
swelling. As is well known, the transfer of momentum 
from fast neutrons can displace the host atom - giving 
a primary knock-on - which, if its energy is high 
enough, can in turn displace further host atoms, i.e. 
secondary knock-ons. The simple picture is the 
production of a cascade of damage with a core of 
vacancies collapsing to give a vacancy loop and a 
population of vacancies, interstitials and interstitial 
loops at the periphery. However, an outline account of 
void swelling need only consider the free vacancies and 
interstitials since voids are found under high energy 
electron irradiation when cascades are not formed. 
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Nevertheless, it is important to recognise the main 
facets of displacement cascades since normally they are 
present and, as will be seen, can influence the void 
growth parameters. The exact behaviour of atoms in a 
displacement case is still attracting interest, with 
several recent studies using computer molecular 
dynamics programs (Diaz de la Rubia and Guinan, 
1991, Foreman et al., 1992). For void swelling, the 
second key element is that some vacancy clusters are in 
a three dimensional form, the collapse to the lower 
energy loop form being prevented by gas atoms, e.g. 
the (n,o.) helium atoms. However, other atoms can 
have the same effect, one of the best examples being 
that of added oxygen on void nucleation in tantalum 
and niobium in the work of Loomis et al. (1977). 
These three-dimensional vacancy clusters have the 
potential to be void nuclei and are the starting point for 
discussing the mechanism of void growth. 
Mechanism of Void Growth 
It is self-evident that the growth of voids must be 
due to the capture of vacancies. The question is how 
the voids acquire more vacancies than interstitials. An 
interesting feature of the void story is that the 
generally accepted mechanism, the so-called bias-
driven mechanism, was suggested as a possibility by 
Greenwood et al., (1959) several years before the 
observation of voids. In this mechanism, the driving 
force for void growth comes from the strain field 
interaction of dislocations with the interstitial 
component of the displacement damage. This gives the 
dislocations a slight 'bias' for interstitials and results in 
the fraction of interstitials captured in unit time by 
dislocations to be slightly greater than that of 
vacancies, thus leaving an equivalenl:ly larger flux of 
vacancies to be captured by other sinks, including void 
nuclei. These, to a first approximation, can be 
considered to be 'neutral' sinks. Therefore they must 
acquire more vacancies than interstitials, leading to 
void growth. (Recently, the role of a production bias, 
involving the clustering of interstitials in the cascade 
event, has been proposed (Woo and Singh, 1992) but 
this will not be considered here). 
Some basic equations can be derived to show the 
dependence of void growth on the relative sink 
strengths of voids and dislocations. However, it is first 
worth pointing out some of the complications that can 
affect the simple picture given above, particularly 
those that affect the temperature range of void 
formation in metals. Clearly, vacancy mobility is a 
prerequisite for void growth but for fee metals at least, 
the lower temperature bound for irradiation conditions 
in which cascades are created is controlled by the 
collapse of vacancy loops within the cascade. Below 
about 0.3 of the metal melting point, Tm• this collapse 
will remove a fraction of vacancies from the number 
available to freely migrate through the substructure, 
thus inhibiting any void growth. Through the 0. 3 Tm 
temperature range, the vacancy loops become 
increasingly thermally unstable and their effect is then 
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removed. The next significant temperature is at around 
0.5 Tm at which temperature the voids themselves 
become unstable and emit vacancies back to the 
system. The equation covering this process is left until 
the discussion later in this paper on high temperature 
bubble effects where it also applies. The essentials of 
the above mechanism are illustrated schematically in 
Fig.2. 
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Figure 2. Schematic view of the basic components in 
the void growth mechanism 
A considerable effort has been put into 
understanding the many facets of void formation and 
growth; a brief list, together with selected references is 
given in Table 1. 
Table 1. Selected references relevant to the void 
growth mechanism. 
Topic References 
Recoil spectra Rehn and Okamota, 1987, 
Zinkle and Singh, 1993 
Cascade collapse Averback, 1982, English and 
Jenkins, 1987 
Diffusion in cascades Mansur, Brailsford and 
Coghlan, 1987 
Dislocation bias Fastenau and Baskes, 1981 
Void nucleation Katz and Wiedersich, 1972, 
Singh and Foreman 1981 
Void swelling theory Harkness and Li, 1972, 
Brailsford and Bullough, 1978 
Critical cavity radius Townsend, 1982, Hishinuma 
and Mansur, 1983 
In spite of the potential complexities, the heart of 
the void swelling mechanism is relatively 
straightforward. To illustrate this, we choose here to 
give the simplest rate equation approach to the void 
swelling mechanism. If vacancy loop effects, void 
shrinkage and recombination are ignored then the rate 





where the K's, D's, C's and a's are production rates, 
diffusivities, concentrations and sink strengths, and Zi 
is the dislocation bias for interstitials. The sink 
strength subscripts c and d refer to the cavity (void)and 
and dislocations respectively. The rate of void 
swelling, S, per unit time, t, is equal to the net rate of 
arrival of vacancies at voids and is given by: 
dS/dt = (DvCv - DiCi)ac (3) 
Substituting from equations 1 and 2 gives the swelling 
rate per displacement dose (j>, in terms of the 
dislocation bias, i.e. 
dS Zi -1 
d(j> = {Y+Zi+l+(o/y)) (
4
) 
where Y = (ac /ad ) is the ratio of cavity to dislocation 
sink strength. In its simplest form for a dislocation 
density p, void radius r and void concentration C, this 
is given by 
Y = 41t r Cl p (5) 
A plot of void swelling rate against Y-for Zi = 1.01 (or 
10%) is shown in Fig.3 illustrating that the maximum 
swelling occurs when the void and dislocation sink 
strengths are almost equal (at Y = [Zj]112), but that 
swelling is suppressed when either the void or 
dislocation sink dominates. This result led to the 
understanding of low bubble swelling in bee metals, 
where normally high void densities are found, and to 
the effects of cold work in inhibiting swelling. 
0.2 
Swelling rate 
(% I dpa) 
0.1 
0-t-----t------t-----+----t 
0.01 0.1 10 100 
Void/ dislocation sink strength ratio, Y 
Figure 3. An example of the basic variation of void 
swelling with Y, the ratio of void and dislocation sink 
strengths 
Ion lmDlantation 
Returning to the early days of void studies, an 
important step, particularly relevant to the title of this 
paper, was to recognise that ion implantation could be 
a very useful way of simulating the neutron damage. It 
was this simulation aspect that gave a large impetus to 
the use of ion beams to study void parameters in 
metals, the primary advantages with respect to reactor 
irradiations being the excellent control of important 
variables such as dose and temperature, the high 
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0.1 µm 
Figure 4. An example of the void lattice phenomenon 
showing alignment in ion implanted molybdenum 
viewed along the <001> direction. 
Figure 5. A scanning electron micrograph of helium ion 
induced blister formation on the surface of 
molybdenum. 
displacement damage rates which allowed fast 
acquisition of relevant data, and the ease of sample 
handling. However, as emphasised by Mazey (1990) in 
a wide review of ion implantation simulation (including 
void growth studies), the correlation of ion and neutron 
damage can be non-trivial. Nevertheless, the 
contribution of ion beam studies to the detailed 
understanding of the many aspects of void swelling has 
been very positive. 
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Figure 6. A TEM micrograph showing the high density 
of small helium bubbles, and a bubble lattice, in 
molybdenum after ion implantation at 300K. 
Void Lattice Formation 
One of the most unexpected observations in the 
early studies of void formation was the discovery of 
void lattice formation in molybdenum (Evans, 1971), 
with the aligned voids having the same bee structure as 
the host metal, but with a lattice parameter some 100 
times greater. An example is seen in Fig.4. Although 
the lattice was initially found in an ion beam 
experiment, its appearence in neutron irradiations 
studies followed very closely (Wiffen, 1972). Thus the 
phenomenon can be regarded as a good example of the 
use of ion beams to simulate the neutron environment. 
The void lattice turned out to appear far more 
frequently than could possibly have been predicted: not 
only was it subsequently found in other bee metals (W, 
Ta, Nb), but also in fee metals (Cu. Ni, Al) and hep 
metals (Ti, Zr). Further studies showed that it was 
very easy to form lattices after helium ion implants in 
which bubble precipitation occurred (Johnson et al., 
1983). Cavity ordering is also found in aluminia, 
calcium fluoride and silicon. Early work is reviewed 
by Krishan (1982); this has been recently 
complemented by an update of both experimental and 
theoretical work (Evans, 1990). 
As emphasised in the both reviews, all the lattices 
have the characteristic of being formed under 
displacement damage conditions. They are not formed 
or improved during annealing and not seen in helium 
bubble populations formed during tritium decay where 
no displacement damage is present. A second 
characteristic is that their structure is either identical 
to the host lattice (e.g. fee in an fee metal, bee in a bee 
metal) or closely related (e.g. parallel to the basal 
plane in hep metals). Not surprisingly, there has been 
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much interest in providing an explanation for the 
phenomenon. Several proposals have suggested that 
the anisotropy of interstitial or interstitial loop 
movement, either in particular crystal directions or in 
particular crystal planes, is responsible (Foreman, 
1972; Evans, 1987; Dubink.o et al., 1989). As 
discussed in the work of Evans exploring the possible 
role of two dimensional interstitial migration, there is 
little doubt that this mechanism could apply in bee and 
hep metals. For the planar ordering in hep metals, no 
other mechanism has been proposed but the situation is 
less clear in fee metals. Here the model of Dubink.o et 
al. (1989) using interstitial loops emitted from 
cascades could play a part. It is interesting that 
molecular dynamics studies of cascades have since 
shown this loop emission (Foreman et al., 1992). 
However, the mechanism cannot work for void lattice 
formation found under electron irradiation (Fisher and 
Williams, 1977) while its operation for bubble lattices 
has been questioned (Evans, 1990). 
Bubble Growth During Inert G~s Implants 
Interest in the area of bubble growth in metals has 
now been maintained over several decades. Early 
studies were inspired by their use as model systems for 
gas bubble behaviour in nuclear fuels, particularly 
UOz where the need existed to understand the 
behaviour of the relatively large amounts of xenon and 
krypton formed in the fission process. However, 
although these early studies on metals used ion 
implantation (of helium in the MeV range) the 
concentrations involved were small, thus requiring 
annealing to investigate bubble behaviour (Barnes and 
Mazey, 1963). Nevertheless, many of the factors 
controlling annealing behaviour, such as gas bubble 
migration and coalescence, are also relevant in ion 
implantation experiments, at least if carried out at 
higher than moderate temperatures. Certainly, much of 
the physics of gas bubble behaviour in metals was put 
in place during these early studies (Blackburn, 1966). 
The important step in studying inert gas behaviour 
in implanted material (i.e. without annealing) was the 
development of lower energy ion accelerators giving 
ion energies of the order of 100 keV. The compression 
of the implanted ion profiles with reduction in ion 
energy allowed high concentrations of inert gas atoms 
to be built up rapidly and gave the opportunity to 
uncover many interesting phenomena. Some of these 
will be discussed, roughly in chronological order, in 
the subsequent sections. 
Helium Induced Blister Formation 
The start of this large field of work can be traced 
back to Primak and Luthera (1966) who used 
interferometric and optical microscopy to demonstrate 
that as also found in non-metals, surface blisters were 
formed on copper and nickel after high doses of helium 
ions with energies between 40 and 140 keV. However, 
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relatively little work was carried out in this area until 
the early to mid-1970s when the combination of three 
factors, namely the availability of scanning electron 
microscopes, the similar availability of small 
accelerators and the sudden growth of interest in fusion 
reactor technology (where the potential of first wall 
erosion from the plasma constituents D,T and He was 
recognised (McCracken, 1975)), all contributed to a 
rapid resurgence in experimental studies. 
The subsequent extensive investigations into 
helium induced blister formation have shown that the 
injection of mono-energetic helium ions into all metals 
(and many other solids) at ambient temperatures leads, 
at a critical dose, to the formation of surface blisters. 
A wide ranging review covering the many results up to 
1983 has been written by Scherzer (1983). In Fig.5, 
we show a representative example of blisters formed on 
helium implanted molybdenum. The variations here 
with blister lids intact, broken or completely removed 
is typical. Complete surface flaking is also not 
infrequent. 
Among the parameters affecting blister formation 
are the helium energy, ion dose, sample temperature 
and surface orientation but these can be rationalised to 
a large extent by the observation that blistering only 
occurs when the peak helium concentration in the 
deposited profile reaches about 30 at.%. The energy 
range of the helium ions used has been shown to be 
very wide, from 1 keV up to at least 3 MeV. At the 
lower end of this range, surface sputtering can 
suppress blister formation by preventing the build up 
of a sub-surface peak critical concentration. 
With regard to the influence of the sample 
temperature, it emerged that unlike many physical 
phenomena, blister parameters were relatively insensi-
tive to this parameter. Large changes only became 
apparent when temperatures approached about half the 
metal melting point when the morphology changed to 
one dominated by a pinhole or sponge like structure. 
The association of blister formation with a high 
concentration of insoluble gas naturally suggested that 
the blister phenomenon was gas driven. However, to 
put the physical mechanism on a firmer footing, it was 
essential to gain some knowledge of the state of the 
helium in the metal. An important advance was the 
application of TEM techniques to examine the 
substructure in the regions of high helium 
concentration (Mazey et al., 1977). It emerged that 
consistently for doses near the critical dose and for 
temperatures below about 0.4 Tm, samples contained 
very high concentrations (- 1025 /m3) of small bubbles 
with diameters in the 2 to 3 nm range. (This general 
result also holds for the implantation of the heavier 
inert gases discussed later, although bubble 
concentrations are somewhat lower). A micrograph 
illustrating helium bubbles in molybdenum is shown in 
Fig.6 where the additional feature of bubble lattice 
formation, as mentioned earlier, is also seen. 
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Although it might have been reasonable for the 
displacement damage vacancies to have played a role in 
bubble growth, this appeared to be inconsistent with 
the observations that neither the bubble structures or 
blister parameters changed noticably over the range 
where vacancies became thermally mobile, e.g. Mo 
(Mazey et al., 1977). As a result, it was argued 
(Evans 1978) that the helium bubble growth in this 
range - and up to 0.5 Tm - was independent of the 
displacement damage vacancies and grew instead by 
gas driven processes such as the loop punching process 
proposed by Greenwood et al., (1959). Such bubbles 
are therefore usually described as being 
overpressurised. The absence of any displacement 
damage influence when vacancies are mobile and the 
possibility of bias-driven growth must be present, has 
been discussed in more detail by Evans (1986). Even 
if helium is replaced by the heavier inert gas atoms 
where the displacement damage must be higher, this 
growth process is completely suppressed by the high 
bubble density dominated substructure - i.e.the value 
of Y in equations 4 and 5 is rather large with the 
consequent effects seen in Fig.3. 
With these arguments for overpressurised bubbles, 
the mechanism of blister formation soon evolved: the 
continual growth of such bubbles must eventually put 
sufficient strain on the surrounding metal matrix to 
cause local microfracture of the metal. This process, 
termed interbubble fracture (Evans, 1978), must lead 
to sub-surface coalescence of bubbles along the 
maximum of the gas profile to give a large plate like 
bubble, parallel to the metal surface and eventual 
blister formation on the surface. The lack of blisters at 
high temperatures is then readily explained by the 
availability of thermal vacancies to maintain bubble 
equilibrium and prevent any overpressure. 
As reviewed by Donnelly (1985), there was much 
subsequent interest in ascertaining the pressure in the 
helium bubbles and the associated gas packing 
densities within bubbles. The pressures are well 
beyond the range of validity of the van der Waals's 
equation so that interest in appropriate equations of 
state (EOS) was also initiated at this time. Returning 
to the mechanisms of bubble growth, the appearance of 
bubbles in metals charged with tritium (Thomas and 
Mintz, 1983) where the decay of tritium to helium-3 
has no associated displacement damage, was clearly 
relevant. In addition, it appeared no coincidence that 
helium release and sample cracking took place at the 
same helium levels as that required for blister initiation 
(Evans, 1979). Other observations relevant to the 
bubble growth processes have been obtained from the 
technique of helium desorption spectrometry and from 
the so-called solid bubble observations. These will be 
treated in the following sections. 
Helium Desorption Spectrometry 
Helium desorption spectroscopy (HDS), in which 
gas release in implanted samples is measured during a 
linear temperature ramp, has provided unique 
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information about bubble nucleation processes and the 
growth of helium clusters. The central feature of this 
work has been the implantation of helium at low 
energies, 100 to 150 eV, to avoid any displacement 
damage, followed by a careful study of the size and 
temperature variations of desorption peaks with helium 
dose. Useful reviews on the numerous facets of the 
approach have been given by van Veen (1989, 1991). 
The relevant feature here has been the demonstration 
that a single vacancy will act as an unsaturable trap 
for incoming helium. Furthermore, in molybdenum and 
tungsten, up to 7 or 8 helium atoms can be bound to a 
vacancy while, crucially, additional helium leads to the 
formation of a Frenkel pair thereby allowing the helium 
trap to expand from a single vacancy to a divacancy. 
This process of converting a matrix atom to a self-
interstitial, leaving space behind, can clearly be viewed 
as the first step of the loop punching process. 
Certainly, the HDS data indicates the process 
continues inexorably while when sufficient helium 
atoms have been added, TEM evidence of the loop 
punching process is very clear (Evans et al., 1981). 
The exact atomistic processes involved are not revealed 
in this work but interesting results are now available 
using the latest computer modelling techniques (Adams 
et al., 1991 ). It might be fair to add that while the 
process of loop punching can be demonstrated for 
isolated bubbles, the processes may be different in the 
more complex case when bubbles must clearly be very 
close and cooperative effects might not be unexpected. 
Heavy Inert Gas Implants 
Up to the mid-'80s, studies of bubble structures 
after implants of the heavier inert gases into metals 
were few and far between. However, this changed 
rapidly following the intruiging discovery by Templier 
et al., (1984) and vom Felde et al., (1984) that argon 
and xenon implanted into aluminium at ambient 
temperatures were precipitating within bubbles in the 
solid phase. Evans and Mazey (1985, 1986) extended 
this result to krypton in a number of metals and it 
became clear that the precipitates, conveniently 
described as 'solid bubbles', existed in the solid phase 
by virtue of the high pressures that resulted from the 
gas driven growth processes. It might be mentioned 
that the pressures necessary for the solidification of 
rare gases at 293K (from 0.4 Gpa for xenon up to 4.7 
GPa for neon) are well known from diamond anvil 
experiments (Finger et al., 1981). 
One fortunate aspect was that. the precipitates 
were usually found, at least in fee, bee and hep metals 
to be epitaxially aligned with their close packed planes 
parallel to the close packed planes of the host metal. 
This behaviour has been shown by Finnis (1987) to be 
energetically favorable. A further result was that in 
fee metals, the precipitates had an fee structure, but 
were hep in hep metals. This is consistent with the 
known small energy difference between the two phases 
for rare gas solids. There was an important practical 
significance to this epitaxy since the precipitates then 
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gave easily detected reflections in electron diffraction 
rather than the rings expected from random orientation. 
An example is given in Fig. 7 for krypton in zirconium. 
Additional experimental features of interest are the 
dark field imaging of the solid precipitates, Moire 
fringe observations and heating experiments to follow 
precipitate melting. 
One particular practical bonus in the solid bubble 
observations was that the lattice parameter, easily 
measured by comparison with the host matrix, gave a 
reasonable guide to bubble pressures when used with 
an appropriate equation of state. The pressures 
derived in this way gave values accurate enough to 
Figure 7. A TEM micrograph (a) and diffraction 
pattern (b) taken on krypton implanted zirconium. In 
(a), the high density of bubbles aligned in a two 
dimensional lattice parallel to the basal plane can be 
seen; in (b), the extra diffraction spots (arrowed) due 
to the solid krypton precipitates are visible. The 
diffraction spots in the inset are from the bubble 
lattice. 
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establish that bubble pressures drop during growth 
(Bircher and Liu, 1988) and that a good correlation 
exists between bubble pressures (ranging from 1 to 6 
GPa) and the shear modulus of the host metal (Evans 
and Mazey, 1986). The correlation and its magnitude 
are consistent with the predictions of loop punching but 
while gas driven growth is generally accepted, the finer 
details are still open to discussion (Trinkaus, 1991, 
Donnelly et al., 1991). 
Effects with other Ion Species 
The description of gas driven bubble growth given 
earlier applies to cavities containing inert gas atoms, 
independent of whether the gas is in the solid or fluid 
phase. It was recognised (Evans, 1986) that the 
physics leading to the high pressures in the inert gas 
implants could also apply in other cases where the 
implanted species were insoluble and precipitation 
occurred. From the point of view of the metal, the 
space occupied by the precipitate must be viewed as a 
cavity and therefore precipitate growth must depend on 
vacancy acquisition, again by pressure driven 
processes. High pressure precipitates, possibly 
metastable, would not be unexpected in this 
description. An interesting possibility is whether 
carbon might, in an appropriate matrix, be persuaded 
to precipitate in the diamond phase. 
High Temperature Effects 
As already mentioned in relation to the formation 
of pinhole or sponge-like surfaces during high 
temperature helium implants, for ion implantations into 
metals at 0.5 Tm and above the dominating feature will 
be the influence of thermal vacancies in the lattice. 
These also influence bubble behaviour during 
annealing while the controlling equation is also 
relevant to high temperature void formation. For this 
equation, we again return to the important paper of 
Greenwood et al. (1959). There the rate equation 
governing the growth of a bubble with radius r and 
internal pressure P in material with atomic volume n is 
given by 
dr Do 
- = -exp(-Q/kT)(l-exp[-(P-2y/r)Q/kT]) (6) 
dt r 
where Do and Q are the self-diffusion pre-exponential 
and activation energy, 'Y is surface energy, k is 
Boltzmann's constant and T is temperature. It is clear 
from this equation that the bubble growth is zero when 
the well known identity 
P = 2"(/r (7) 
is satisfied, with growth or shrinkage when P is either 
greater or less than 2"(/r respectively. 
Returning for a moment to the void swelling 
situation, it can be seen that any void growth in this 
regime could be more than balanced by the void 
shrinkage rate. However, since voids usually contain 
the few gas atoms needed for nucleation, at very small 
sizes the pressure can be sufficient for equilibrium. In 
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the right temperature range, there can be an interesting 
balance between growth and shrinkage effects giving 
rise to the well known critical cavity radius concept for 
void nucleation (Hishinuma and Mansur, 1983) 
One aspect that has received much less attention is 
the ability, under equilibrium conditions, for even 
small amounts of inert gas to give rise to significant 
material swelling. At any temperature the swelling due 
to inert gas atoms is given simply by the relation 
S(%) = O(%).m (8) 
where G is gas content and m is the average no of 
vacancies/gas atom. In turn, we can write that m is 
equal to the total no of vacancies per unit volume, Pg, 
divided by the total no of gas atoms/unit vol, Pm, 
i.e. S(%) = O(%).pm I Pg (9) 
For low gas pressures, the ideal gas law, PY = nkT is 
vali<.1 an<.1 (;311 be rewritten as 
P = Pg kT. 
The bubble swelling is then given by 
S(%) = 0(%) Pm rkT/2y 
(10) 
(11) 
hence showing that for a given temperature and gas 
level, the key parameter is the (average) gas bubble 
radius. Although at ambient temperatures, ion 
implants give rise to bubbles of 2 or 3 nm diameter, for 
high temperature implants (or post irradiation 
annealing) bubble radii can be well into the micron 
range. The effect of this is shown in table 2 where the 
bubble swelling is calculated for different gas levels 
and different radii. In this example T = 1 000K, y = 1 
J/m2 and Pm= 6.5x1022;cm3. 
Table 2. Bubble swelling (%) as a function of gas 
content and bubble radius: 
Bubble Gas content (%) 
radius 
10% 0.5% 0.01 % (l00ppm) 
1nm 4.5 0.22 0.0045 
10nm 45 2.25 0.045 
0.lµm 450 22.5 0.45 
lµm - 225 4.5 
l0µm - - 45 
The influence of the bubble radius can clearly be 
seen. In practice, the application of this simple 
approach to swelling levels is modified, particularly for 
high gas levels, by gas release effects. This is best 
known in UO2 where gas bubble accumulation at grain 
boundaries can lead to gross coalescence and the 
setting up of pathways, along boundaries, to the free 
surface where the gas is then lost (Tucker, 1980). 
However, as the table shows, and as has been shown 
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experimently (Eldrup et al., 1991), even small amounts 
of inert gas can lead to very significant material 
swelling. 
Summary 
It has been demonstrated that there are several 
modes of cavity growth under ion implantation. 
Cavities can be distinctly separated into voids and 
bubbles depending on whether the driving force for 
growth comes from displacement damage defects or 
from inert gas atoms. In addition, at high temperatures 
the behaviour of thermal vacancies imposes strong 
effects. For voids, shrinkage will occur but for 
bubbles, potentially large growth rates and associated 
swelling can take place. Within the framework of the 
growth processes, a number of interesting phenomena 
have been described. References to review papers have 
been emphasised to guide readers to more detailed 
accounts of these phenomena. 
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Editor's Note: All of the reviewer's concerns were ap-
propriately addressed by text changes, hence there is no 
Discussion with Reviewers. 
